Introduction
Electromechanical actuators that show reversible changes in volume or length under electrical stimulus have attracted considerable attention for their biomimetic capability. High performance actuators are especially sought for biomedical applications and biomimetic robotics. 1−6 Conjugated polymers have lots of desirable features like large stress generated, high reversibility and low operating voltages (0-10 V) which make them attractive for the use as actuators. 7−10 To date, many conjugated polymers have been investigated as candidates for actuators, including polypyrroles, 7, 8, 11−13 polyanilines 14, 15 and polythiophenes. 16 These conjugated polymers undergo changes in volume caused by the movement of ions in and out of the polymer. Recently, the actuation of solid-state conjugated polymers under ambient conditions has received attention because such actuators would further expand the range of applications, and can be operated without immersion in a liquid. 8, 17, 18 Poly (3, 4-ethylenedioxythiophene)/poly (styrene sulfonate), (PEDOT/PSS), which consists of a conducting polythiophene derivative ( PEDOT ) that is electrostatically bound to a PSS polyanion, has attracted great attention. 19−21 PEDOT/PSS offers characteristics such as high transparency, excellent thermal stability, and good film forming properties. The low conductivity of asprepared PEDOT/PSS films or fibers can be enhanced by several reported methods from 10 −1 to 10 2 S·cm −1 .
22−24
These methods provide the possibility to realize the actuation of PEDOT/PSS under a low applied electric field. Moreover, the hygroscopic properties of PEDOT/ PSS from its PSS groups allow uses, such as a humidity sensor, which was fabricated by inkjet printing PEDOT/ PSS on a flexible polyimide substrate. 25 The humidity sensor shows not only fully reversible and repeatable capacity but also has a good sensitivity with an accuracy of 1% relative humidity (RH). The combination of electrical and hygroscopic properties of PEDOT/PSS lends itself to the production of novel actuators that operate under ambient conditions. Recently, Okuzaki and coworkers reported a PEDOT/PSS film actuator that exhibits large contraction strain under an applied electric field in ambient conditions. 26, 27 The mechanism of the PEDOT/PSS film actuator lies in the desorption of water vapor sorbed in the film through Joule heating, where the equilibrium of water vapor sorption can be controlled by an applied electrical field. The applications of freestanding conductive polymer films are very limited because they tend to be brittle. However, by coating cellulose papers with conductive polymers, their desirable electromechanical properties can be combined with the mechanical strength and flexibility of cellulose papers to produce conductive papers.
In our earlier work, we used a mechanically robust cellulose paper as a substrate for PEDOT/PSS actuators that exhibited anisotropic mot. 28 The PEDOT/PSS-coated paper takes advantages of intrinsic properties of cellulose Abstract: The electromechanical properties of poly (3, 4-ethylenedioxythiophene)/poly (styrene sulfonate), (PEDOT/ PSS)-coated cellulose paper are investigated by varying the weight of PEDOT/PSS and frequencies of applied voltages. Through simple conformal coating, different weight of conductive PEDOT/PSS papers were fabricated and exhibited electromechanical actuation with stress generation controlled by low alternating applied voltage in ambient air. The dependence of electromechanical actuation on the weight of PEDOT/PSS and the frequency of the applied voltage are determined. The repeatability of the actuation is confirmed by generation of a stable stress more than 2000 times under ambient conditions. Furthermore, the PEDOT/PSS paper underwent intensive bending/unbending motion and showed a dependence on relative humidity. The present study suggests that PEDOT/PSS papers can be highly scalable for highperformance electromechanical devices in ambient air.
( Transaction paper, such as good mechanical properties, high solvent absorption and strong binding with the conductive polymer, allowing a simple and controllable coating process. The PEDOT/PSS-coated paper exhibited actuation by controlling the equilibrium of the sorption of water vapor in response to an applied electric field. However, the desired advantages of an actuator depend on the final applications. Some applications benefit from an actuator with a rapid response, while others require a high actuation stress. For instance, to produce a PEDOT/ PSS paper actuator that exhibits a rapid response, the cellulose paper should maintain a porous structure to improve the sorption of water vapor.
In this study, we demonstrate the mount of PEDOT/ PSS in cellulose matrix can be easily controlled by the coating process and we show the weight of PEDOT/PSS influences the electromechanical property in the cellulose matrix. In particular, the amplitude of the generated stress and actuation response time can be adjusted by varying the weight of PEDOT/PSS. The bending motion of the PEDOT/PSS paper is also investigated by changing the RH and applied voltage. Our results provide a foundation for the design and fabrication of paper-based composite actuators with tunable electromechanical properties.
Experimental

Materials
An aqueous dispersion of PEDOT/PSS (Clevios P AG) was purchased from H. C. Starck, Inc (USA). Cellulose paper with a basis weight of 15.6 g/m 2 (thickness : 25 µm) was used as a substrate for the paper actuators. Ethylene glycol (EG) was purchased from Wako Chemicals (Japan) in analytical grade.
Preparation of PEDOT/PSS papers
The aqueous dispersion of PEDOT/PSS was evaporated at 120°C for 3 hours to increase its viscosity. The solid content of the concentrated solution of PEDOT/ PSS was ca. 3.1% estimated from the change in weight, and its absolute viscosity was 170 mPa·s at 25°C, as measured by a viscometer (VA-10A, CBC Co. Ltd., Japan). Coating and drying processes were carried out in a labcoater/drier (LTE-S E-06, Werner Mathis AG, Switzerland). PEDOT/PSS papers were obtained by barcoating the concentrated PEDOT/PSS solution onto cellulose paper with dimensions of 21 × 27 cm with a doctor blade and then the coated papers were dried at 120°C. Five different thicknesses of PEDOT/PSS-coated paper were obtained by controlling the distance between the doctor blade and the paper at 0.04, 0.06, 0.08, 0.1 and 0.13 mm. The coated papers were immersed in EG (100 ml) for 20 min and then dried at 100°C for 60 min in air.
Measurement
The sheet resistance and electromechanical actuation of the PEDOT/PSS papers were investigated according to the method described previously. 28 Actuation specimen for butterfly demonstration was prepared in size of 140 × 5 mm, the distance between the electrodes was 100 mm. "Butterfly wings" made from cellulose paper were adhered to the edges of the PEDOT/PSS papers using double-sided tape. The bending/unbending motion of the "butterfly" was recorded by a digital video camera.
Results and discussion
Fabrication of conductive PEDOT/PSS papers of different thicknesses
Cellulose paper was used as a substrate to fabricate paper-based actuators. Fig. 1 shows that the cellulose paper is composed of long belt-like cellulose fibers with an average width of 15.6 ± 3.7 µm and an average thickness of 3.5 ± 0.7 µm. Each cellulose fiber is comprised of multiple individual fibrils that are rich in hydroxyl groups. This hierarchical structure has high porosity, which allows the cellulose paper to absorb large amounts of water or other polar solvents. 29, 30 As a result, cellulose papers can be coated with conductive polymers effectively. 31−33 Cellulose fibers have an excellent ability of adsorbing PEDOT/PSS dispersion, the strong interaction between PEDOT/PSS and cellulose implied a broad molecular distribution of PEDOT/PSS. The paper became dark blue once the PEDOT/PSS ink had been applied onto cellulose paper by conformal coating. Five different thicknesses of PEDOT/PSS coated paper were obtained by controlling the distance between the doctor blade and the paper to 0.04, 0.06, 0.08, 0.1 and 0.13 mm. The PEDOT/PSS coated papers were baked at 100°C for 60 min in air. The density of the PEDOT/PSS layer in the coated papers was determined to be 0.21, 0.56, 0.97, 1.21 and 1.42 mg/cm 2 , respectively, from the change in weight after coating. SEM images (Fig. 2a-e.) show the morphology of the coated side of PEDOT/PSS papers. For the thinnest PEDOT/PSS paper (Fig. 2a) , some parts of the cellulose fibers and microfibrils can still be clearly seen. However, as the distance between the doctor blade and paper increased, the fibers in the paper and the interspace between fibers gradually became well coated with PEDOT/PSS. For the sample with a weight of 1.42 mg/cm 2 , the PEDOT/PSS coatings are continuous and possess good homogeneity on the coated side (Fig. 2e) . No obvious cellulose fiber structure is observed in the cross section which indicated the PEDOT/PSS penetrated to the uncoated side ( Fig. 2f-g ). Mechanical adhesion tests to assess the strength of the interaction between PEDOT/PSS and the cellulose paper were performed by immersion in water. The PEDOT/PSS papers were immersed in water for 60 min, and then baked at 100°C for 60 min. After this process, there was no PEDOT/PSS present in the water, so PEDOT/PSS adhered well to the cellulose paper without peeling or dissociation in water. These results suggest that PEDOT/ PSS adheres very strongly to the cellulose fibers, which is critical for electronic paper devices. Such strong binding may be caused by large capillary forces, as well as, hydrogen bonding between PEDOT/PSS and the cellulose fibers. Fig. 2h shows that the sheet resistance (Rs) of the as-prepared PEDOT/PSS papers decreases as the weight of PEDOT/PSS increases. Immersing the PEDOT/PSS papers in EG for 20 min followed by drying decreased their Rs by approximately three orders of magnitude. The Rs of the EG-treated PEDOT/PSS papers were as low as 5.5 Ω/ , corresponding to a conductivity of 150 S/cm in the PEDOT/PSS layer. The enhancement in conductivity was caused by the benzoid structure of PEDOT transforming into a quinoid structure. 22−24 Thus, PEDOT/ PSS papers with a large range of Rs could be obtained by tuning the weight of PEDOT/PSS and treatment with EG. These methods may allow the actuation of PEDOT/PSS papers to be realized at low electrical field. Fig. 3a shows time profiles of the stress generated in two PEDOT/PSS papers at 50% RH and 25°C. The PEDOT/PSS papers generated stress in response to the application of a voltage (8 V) for 100s. Fig. 3b shows the effect of the weight of PEDOT/PSS on the electromechanical properties of the paper. To clarify the effect of the electrical potential on the electroactive behavior of the conductive papers in more detail, each sample was measured at five voltages (3, 5, 8, 10, and 12 V) at 25°C and 50% RH. For each of the five different applied voltages, the stress generated increased linearly with the weight of the PEDOT/PSS paper. For the thickest PEDOT/PSS paper, the stress reaches 3.5 and 4.5 MPa under an applied voltage of 10 and 12 V, respectively. These stresses are more than 10 times that produced in the skeletal muscle of animals (about 0.3 MPa). 34 When a voltage of 8 V was applied to the samples, a clear indication of the importance of the weight of PEDOT/PSS on the papers on the change in response time was observed (Fig. 3c) . The 95% full stroke time is the time that it takes the PEDOT/PSS paper to reach 95% of the maximum stress after applying a voltage. The 95% full stroke time increases with the weight of PEDOT/PSS coated on the cellulose paper, as did the recovery time after turning off the applied voltage. This is because the thickness of the conductive paper increased with the weight of PEDOT/PSS coated on paper, as shown in the inset in Fig. 3b . For the thinner samples, the surfaces of the cellulose paper were not completely coated with PEDOT/PSS. The resulting porous structures in the paper allow water vapor to be absorbed readily by PEDOT/PSS inside the paper. For the thicker samples, both desorption and absorption is more difficult for the PEDOT/PSS inside the paper. Meanwhile, the charge density increases more rapidly in the thinner film than in the thicker film, which results in faster actuation in the thinner film. Thus, the weight of PEDOT/ PSS influences the actuation properties of the cellulose paper. The electromechanical properties of the PEDOT/ PSS papers can therefore be adjusted simply by tuning the weight of PEDOT/PSS in the paper.
Electromechanical actuation of PEDOT/PSS papers
The electromechanical actuation of the PEDOT/PSS papers under square voltages (0-8 V) with different frequencies is shown in Fig. 4a . The duty of all square wave signals was 50%. The amplitude of the stress generated was calculated from the highest peak and lowest peak as shown in Fig. 4a (inset) . It can be seen that at the same applied voltage frequency, the amplitude of stress generated increased with the weight of PEDOT/ PSS. However, as the voltage frequencies increased, the amplitude of stress generated decreased significantly. For the sample with a higher weight of PEDOT/PSS (1.42 mg/cm 2 ), a response was not detected when the frequency was higher than 10 Hz. For the lighter sample (weight of PEDOT/PSS of 0.56 mg/cm 2 ), an electromechanical response was not detected when the frequency was higher than 0.5 Hz. The repeatability and reliability of the actuation of the PEDOT/PSS papers were examined by applying a continuous alternating square wave voltage (0.1 Hz, 0-8 V). After more than 2000 cycles, no significant degradation in performance was found, as shown in Fig. 4b . These results indicate that the actuation of PEDOT/PSS papers is both repeatable and reliable. They also show that the amplitude of the stress generated can be controlled by the weight of PEDOT/PSS in the paper and the application of different voltage frequencies. 
Butterfly-like motion based on PEDOT/PSS papers
Both edges of the PEDOT/PSS paper (100 mm long between two copper electrodes and 5 mm wide) bend towards the middle upon applying a voltage at 50% RH (Fig. 5a ). The edges of the paper bent and the width of the paper changed from 5 to 2 mm within 25 seconds of applying a voltage of 8 V. When the voltage was turned off, the curled PEDOT/PSS paper reverted to its original straight shape after 50 seconds, and this motion was reversible. The PEDOT/PSS paper bent on the coated side, in which PEDOT/PSS was embedded within the cellulose fiber network in high density. We propose that the difference in the density of PEDOT/PSS on the two sides of the cellulose paper results in the preferred bending direction of PEDOT/PSS paper. The PEDOT/PSS particles containing water will shrink under an applied electrical potential because of Joule heating, and the cellulose paper moves as a result of the shrinking of the PEDOT/PSS layer. The shrinking of the layer on the coated side significantly influences the bending of the paper compared to the uncoated side. Noted that the cellulose paper did not show obvious bending motions when the RH was reduced from 90% to 35% (Fig. 5b) . Thus, the bending/unbending motion of the PEDOT/PSS paper mainly results from the shrinking or expansion of the PEDOT/PSS film. Fig. 5c shows a schematic illustration of the bending movement of the PEDOT/PSS paper. The cross-section of bilayer AB will bend into an arc A1B1 by applying electrical field. If C is the midpoint of AB, and supposing that arc A1C equals line A1C, the bending angle (θ) of the PEDOT/PSS paper can be estimated from the equation (1) ; cos θ = A1B1/AB (1) where AB=5 mm, and A1B1 can be measured using a camera recorder. Fig. 5d shows the dependence of the bending angle of the PEDOT/PSS paper on the response time under applied square voltages (0-8V). The bending was recorded when the PEDOT/PSS paper started to bend. After applying an electrical field, it took 25 s for the paper to reach a θ of 68.4°.When the electrical field was turned off at 40 s, it took another 50 s for the paper to unbend from θ = 68.4°to 0°at RH = 50%. A lower RH of 35% results in a slower unbending movement, while a higher RH of 60% results increases the rate of unbending. Furthermore, θ can be adjusted by applying different voltages, as shown in Fig. 5e . Thus, the bending/ unbending movements of the PEDOT/PSS papers can be controlled by adjusting the applied voltage and the RH around the paper. The intensive bending/unbending movement of the PEDOT/PSS paper gave us the inspiration to mimic the motion of a butterfly. 35 Wings made of cellulose paper were stuck to the edge of the PEDOT/PSS paper and the resulting "butterfly" moves reversibly when a voltage was switched on and off with a frequency of 0.02 Hz, as shown in Fig. 6 .
Conclusions
In conclusion, PEDOT/PSS papers were fabricated by coating PEDOT/PSS onto cellulose paper. The PEDOT / PSS papers displayed electromechanical properties that could be tuned by varying the weight of PEDOT/PSS and the frequency of the applied voltage. The PEDOT/PSS papers can undergo intensive bending/ unbending motions when the voltage is switched on and off. These bending/unbending motions can also be controlled by changing the RH and applied voltage. Based on this electromechanical response, butterfly-like motion of the PEDOT/PSS paper was demonstrated. The unique actuation performance of this PEDOT/PSS/ cellulose paper composite system, coupled with the ease of conformal coating, and its mechanical robustness, low driving voltage, and good cycling ability, provides the potential to further expand the range of applications of artificial muscles that operate under ambient conditions.
